Accumulating evidence has implicated that GLP-1 may have a beneficial effect on cardiovascular and renal diseases but the mechanism is not fully understood. Here we show that GLP-1 analog, liraglutide, inhibits oxidative stress and albuminuria in streptozotocin (STZ)-induced type 1 diabetes mellitus rats, via a protein kinase A (PKA)mediated inhibition of renal NAD(P)H oxidases. Diabetic rats were randomly treated with subcutaneous injections of liraglutide (0.3 mg/kg/12 h) for 4 weeks. Oxidative stress markers (urinary 8-hydroxy-2′-deoxyguanosine and renal dihydroethidium staining), expression of renal NAD(P)H oxidase components, transforming growth factor-β (TGF-β), fibronectin and urinary albumin excretion were measured. In vitro effect of liraglutide was evaluated using cultured renal mesangial cells. Administration of liraglutide did not affect plasma glucose levels or body weights in STZ diabetic rats, but normalized oxidative stress markers, expression of NAD(P)H oxidase components, TGF-β, fibronectin in renal tissues and urinary albumin excretion, all of which were significantly increased in diabetic rats. In addition, in cultured renal mesangial cells, incubation with liraglutide for 48 h inhibited NAD(P)Hdependent superoxide production evaluated by lucigenin chemiluminescence in a dosedependent manner. This effect was reversed by both PKA inhibitor H89 and adenylate cyclase inhibitor SQ22536, but not by Epac2 inhibition via its small interfering RNA.
1.
Introduction Diabetic nephropathy is a leading cause of end-stage renal failure worldwide. Establishment of therapeutic strategies targeting the causative mechanisms of diabetic nephropathy has become increasingly urgent. In recent years, evidence has suggested that oxidative stress may play an important role in the development of diabetic nephropathy [1] [2] [3] [4] . Among the possible sources of reactive oxygen species (ROS) production, we and other investigators have shown that NAD(P)H oxidase may be a major source in diabetic renal tissues [5] [6] [7] [8] [9] . NAD(P)H oxidase may therefore be a therapeutic target for attenuating ROS production in diabetic kidneys, thereby preventing the development of diabetic nephropathy.
Glucagon-like peptide-1 (GLP-1) is an incretin hormone produced by intestinal L cells in response to food intake. It is considered as an effective therapeutic agent for type 2 diabetes mellitus because it regulates plasma glucose levels by stimulating insulin secretion and inhibiting glucagon secretion in a glucose-dependent manner. It may also have other beneficial effects, such as stimulating beta cell proliferation, protecting against beta cell apoptosis, inducing satiety, and delaying gastric emptying [10, 11] . Currently, the GLP-1 receptor agonist exendin-4 [12] and the GLP-1 analog liraglutide [13] are used to treat type 2 diabetes mellitus. GLP-1 acts through the GLP-1 receptor, which is abundantly expressed in pancreatic islet cells, neuronal cells, and gastrointestinal cells; but it has also been found in the heart, vascular smooth cells, and endothelial cells [14] [15] [16] . In fact, GLP-1 receptor agonists have been reported to have direct beneficial effects, such as improving left ventricular performance after myocardial infarction [17] and protecting against cardiac ischemia [18] and the progression of atherosclerosis [19] .
The major downstream pathway of GLP-1 receptor activation is generation of the second messenger cAMP followed by activation of PKA or Epac2 [20, 21] . We hypothesized that GLP-1 receptor agonists may have a direct beneficial effect on the development of diabetic nephropathy through inhibition of renal NAD(P)H oxidases because NAD(P)H oxidases have been reported to be inhibited by PKA activation in phagocytes [22, 23] . In the present study, we show that the GLP-1 analog liraglutide may protect against increased oxidative stress and albuminuria in rats with streptozotocin-induced type 1 diabetes mellitus through cAMP-PKA pathway-mediated inhibition of renal NAD(P)H oxidases.
Methods

Ethical approval
The experimental procedures were approved by The Animal Care and Use Committee, Kyushu University.
Experimental animals
Male Wistar rats were purchased from Japan SLC (Shizuoka, Japan) and given standard rat chow and water ad libitum. Diabetes was induced in 7-weeks-old rats by injecting streptozotocin (STZ) (Sigma-Aldrich, St. Louis, MO, USA) in 0.1 mol/L citrate buffer pH 4.5 at a dose of 80 mg/kg body weight. Rats with fasting blood glucose levels >250 mg/dL were considered diabetic. Rats given injections of citrate buffer alone served as non-diabetic controls. One week after the induction of diabetes, half of the diabetic rats were randomly selected and treated with subcutaneous injections of the GLP-1 analog liraglutide for 4 weeks at the dose of 0.3 mg/kg/12 h as previously reported [24, 25] . Twice daily dosing was used because the pharmacokinetic half-life of liraglutide is only approximately 4 h in rats [25] . The remaining diabetic rats were treated with injections of phosphate buffer and were the controls. After 4 weeks all rats were sacrificed by exsanguination after these treatments under deep anesthesia by intraperitoneal injection of ketamine (40 mg/kg) and xylazine (20 mg/kg) on the day of experiments. Their kidneys were immediately excised and stored at −80°C for the experiments.
Urine analysis
A 24 h urine sample was collected using a metabolic cage at week 4. The well-mixed urine was centrifuged at 7500 × g for 5 min, purged of air with a stream of nitrogen to prevent artificial formation of oxidative stress products, and then stored at −80°C until analysis. Urinary 8-hydroxy-2′-deoxyguanosine (8-OHdG) levels were measured using a competitive enzyme-linked immunosorbent assay (ELISA) kit (8OHdG Check; Japan Institute for the Control of Aging, Fukuroi, Japan), as previously described [4] . Urinary malondialdehyde (MDA) concentrations were measured using a TBARS assay kit (Cayman Chem, Ann Arbor, MI). Urinary albumin concentrations were measured using a Rat Albumin ELISA Kit (AKRAL-120 or 121; Shibayagi, Shibukawa, Japan) and urinary creatinine concentrations were measured using a Creatinine (urine) Assay Kit (Cayman Chem). The results of these studies are expressed as values corrected according to the urinary creatinine level.
Detection of superoxide using dihydroethidium in situ
Dihydroethidium (DHE) (Invitrogen, Carlsbad, CA, USA) staining was performed as previously described [26] . Briefly, rats were administered 1 mL of DHE (1 mg/ml) intravenously in phosphate-buffered saline (PBS) through the right jugular vein under isoflurane anesthesia. Two hours after the DHE injection, the rats were killed by transcardial perfusion with 50 mL of 4% formaldehyde in PBS. Their kidneys were frozen immediately in O.C.T. compound (Tissue-Tech II; Sakura Fine Chemical, Tokyo, Japan) and sectioned at 10 μm thickness on a cryostat. The kidney sections were subjected to nuclear staining with Hoechst 33258 (Invitrogen) in PBS for 15 min in a dark chamber and mounted after a rinse in distilled H 2 O. Fluorescence images were obtained using a fluorescence microscope (model BZ-9000; Keyence, Osaka, Japan). The relative fluorescence intensity in glomeruli was quantified using Adobe Photoshop software (version 6.0; Adobe Systems, Mountain View, CA, USA).
2.5.
Isolation of glomeruli
Rat glomeruli were isolated by a graded sieving technique.
Renal perfusion was performed under deep anesthesia. Kidneys were removed, decapsulated, and placed in cold PBS. They were separated into the cortex and medulla, and cortical tissue was then minced to a fine paste with a razor blade in Hank's balanced salt solution (HBSS; Invitrogen) with collagenase A (Roche Diagnostics K.K., Tokyo, Japan).
The minced cortex was pressed against a stainless steel grid. Large, fibrous tissues were retained on the grid surface, whereas glomeruli and tubular segments passed through. The glomeruli were then isolated by filtration through a 75-μm stainless steel grid. Those retained on the sieve were collected, washed by centrifugation (4°C, 2000 × g), and suspended in HBSS. Tissue was maintained at 4°C during the entire isolation procedure. More than 95% of purified glomeruli were observed by optical microscopy; they were then divided in half for protein extraction and RNA purification. They were sonicated in either lysis buffer (0.25 M sucrose, 1 mmol/L EDTA) or cell lysis buffer supplied in the RNeasy Mini Kit (Qiagen, Valencia, CA, USA), respectively, for western blot analysis and real-time polymerase chain reaction (PCR) examination.
RNA preparation and quantification of mRNA expression levels
Total RNA was extracted from the frozen tissue samples with ISOGEN (Nippon Gene, Tokyo, Japan) containing phenol and guanidine isothiocyanate. RNA concentrations were determined spectrophotometrically. The RNA was then incubated with DNase I (Invitrogen) at 20°C for 15 min to remove DNA contamination. Total RNA (4 μg) was denatured at 62°C for 5 min. cDNA was synthesized using oligo(dT) primers and SuperScript III reverse transcriptase (Invitrogen) in a final reaction volume of 20 μL at 50°C for 50 min. The reaction was terminated by heating at 85°C for 5 min. RNA from isolated glomeruli was purified with the RNeasy Mini Kit (Qiagen) according to the instructions provided with the kit, followed by reverse transcription using QuantiTect Rev. Transcription Kit (Qiagen) for cDNA synthesis. Quantification of mRNA expression levels was performed on a Chromo4 Real-time PCR Detector with iQ SYBR Green Supermix reagent (Bio-Rad Laboratories, Hercules, CA, USA). PCR reactions for each target cDNA were done at the conditions shown in Supplementary  Table 1 . β-Actin was used as an internal control. The specificity of PCR amplification was confirmed by melting curve analysis and agarose gel electrophoresis.
2.7.
Western blot analysis 20 μg per lane, was separated discontinuously on sodium dodecyl sulfate polyacrylamide gels (5%-15%) and transferred to polyvinylidene difluoride membranes (Bio-Rad Laboratories). After blockade of nonspecific binding sites, membranes were incubated overnight at 4°C with rabbit polyclonal anti-NOX4 (1:1500) (Abcam, Cambridge, MA, USA), goat polyclonal anti-gp91phox (1:500) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), goat polyclonal anti-p47phox (1:500) (Abcam), and mouse monoclonal anti-β-actin (1:10,000) (Sigma-Aldrich) followed by horseradish peroxidase (HRP)-conjugated donkey anti-rabbit immunoglobulin G (IgG) antibody (1:5000) (GE Healthcare UK, Buckinghamshire, UK), donkey anti-goat IgG antibody (1:5000) (Santa Cruz Biotechnology), or sheep antimouse IgG antibody (1:5000) (GE Healthcare UK) as a secondary antibody. We used the ECL Plus system (GE Healthcare UK) for detection.
2.8.
In vitro study
Normal human mesangial cells (NHMCs) were purchased from Lonza (Walkersville, MD, USA). Mesangial cells were cultured in a Mesangial Cell Growth Medium (Lonza) containing 5% fetal calf serum (FCS). The cells from the second to the fourth passages were used in the experiments. Cellular production of superoxide anion was determined by the lucigenin-enhanced chemiluminescence assay, as previously described, with minor modifications [27, 28] . For the experiments, after NHMCs were incubated with or without various agents for indicated intervals, they were detached with trypsin/EDTA and resuspended in modified HEPES buffer containing (mmol/L) NaCl 140, KCl (Invitrogen) were mixed gently and incubated for 15 min at room temperature to allow complexes to form. NHMCs were plated at a density to achieve 50%-80% confluence on the day of transfection. The medium was replaced with one lacking antibiotics. The cells were then incubated with siRNAlipofectamine complexes at 37°C for 24 h before the following experiments. siRNA-mediated downregulation of RAPGEF4 expression was confirmed by real-time PCR analysis. We also measured the cAMP concentration in NHMCs using commercially available kits (Cyclic AMP EIA Kit; Cayman Chemical, Ann Arbor, MI, USA) in accordance with the manufacturer's instructions. Briefly, a cell lysate for each condition was collected after removing the medium.
The effects of liraglutide on the expression of NAD(P)H oxidase components, NOX4 and p22phox were also evaluated in cultured NHMCs. After preincubation of the cells with the media containing 0.5% FCS and 5.5 mmol/L or 25 mmol/L glucose for 5 days, liraglutide (1 μmol/L) and/or SQ22536 (400 μmol/L) was added for 48 h. Then, the extracted mRNA levels for NOX4 and p22phox were measured by real-time PCR as described above and levels of each mRNA were normalized to the levels of β-Actin. PCR reactions for each target cDNA were done at the conditions shown in Supplementary Table 2 .
The effect of liraglutide on intracellular production of superoxide was also evaluated in cultured NHMCs using DHE staining as previously described [29] . NHMCs (Lonza, Walkersville, MD, USA) were plated in a glass-bottom dish (MatTek Co, Ashland, MA). When cells were confluent, they were incubated in 5.5 mmol/L or 25 mmol/L glucose, with or without various agents for indicated intervals. The cells were then loaded with DHE 20 μmol/L (Invitrogen, Carlsbad, CA, USA) and the incubation was continued for 5 min. Nuclear staining was then performed using Hoechst 33258 (Invitrogen) in PBS for 10 min in a dark chamber and rinsing in distilled H 2 O. Fluorescence images were obtained using a fluorescence microscope (model BZ-9000; Keyence, Osaka, Japan). 2.9.
Statistical analysis
All data are expressed as means ± SEM. Statistical analysis was performed with Student's t test or one-way analysis of variance (ANOVA) with Fisher's protected least significant difference (PLSD) test. P < 0.05 was considered statistically significant.
Results
Urinary oxidative stress marker and albumin excretion
Administration of liraglutide (0.3 mg/kg/12 h) was started 1 week after the onset of diabetes. Characteristics of the experimental rats are summarized in Table 1 . Liraglutide significantly decreased body weight by day 28 in control rats, but not in diabetic rats. It did not affect the plasma glucose level in either group. Liraglutide also decreased food intake significantly in control rats, but not in diabetic rats. It decreased the systolic blood pressure in diabetic rats slightly but significantly.
After administration of liraglutide for 4 weeks, we evaluated 24-h urinary excretion levels of both 8-OHdG and MDA, asystemic oxidative stress markers, and albumin. Both urinary excretion levels of 8-OHdG and MDA in diabetic rats were significantly higher than in control rats and were significantly reduced by liraglutide ( Fig. 1A and 1B) . Urinary albumin excretion levels in diabetic rats (21.4 ± 4.7 mg/gCre; P < 0.001 vs controls) were significantly higher than in control rats (4.7 ± 0.7 mg/gCre) and were also significantly reduced by liraglutide (9.8 ± 1.7 mg/gCre; P < 0.01 vs STZ rats) ( Fig. 1C and 1D ).
Renal oxidative stress marker and NAD(P)H oxidase expression
To evaluate superoxide production in the kidneys, we performed dihydroethidium (DHE) staining. It clearly revealed a massive increase in superoxide production in the diabetic kidneys (Fig. 2C, G, K) and its attenuation by liraglutide ( Fig.  2D, H, L) . In addition, we measured the expression of NAD(P)H oxidase, which is considered to be a major source of superoxide production in the kidneys. The mRNA levels of NOX4, a major component of NAD(P)H oxidase in the kidneys, and the other components [p22phox, gp91phox (Nox2), p47phox] were markedly increased in diabetic kidneys, and these increases were all reduced by liraglutide ( Fig. 3A-D) . Western blot analysis confirmed that the protein levels of NOX4, gp91phox, and p47phox in the glomerular homogenates of diabetic rats were higher than those of the controls (1.7-fold, P < 0.05 for NOX4; 2.0-fold, P < 0.02 for gp91phox; 2.1fold, P < 0.02 for p47phox), and these increases were significantly reduced by liraglutide to the control levels ( Fig. 4A-E) . We also evaluated the expression of transforming growth factor-β (TGF-β), a key cytokine that mediates extracellular matrix accumulation and glomerular expansion in diabetes, and a predominant matrix protein, fibronectin. The mRNA levels of TGF-β1 and fibronectin in glomerular homogenates were higher in diabetic rats than in the control homogenates: 18.9-fold (P < 0.001 vs control) and 2.6-fold (P < 0.05 vs control), respectively. These increases were significantly reduced by liraglutide: P < 0.001 vs STZ rats ( Fig. 5A) and P < 0.05 vs STZ rats (Fig. 5B ).
In vitro effect of liraglutide
We next investigated the molecular mechanisms for the inhibitory effect of liraglutide on the activity of NAD(P)H oxidase using cultured normal human mesangial cells (NHMCs), which were confirmed to have GLP-1 receptor ( Supplementary Fig. 1 ). The activity of NAD(P)H oxidase was evaluated by the lucigenin chemiluminescence method. NADPH-dependent superoxide production from mesangial cells was completely inhibited by preincubation with NAD(P)H oxidase inhibitor diphenylene iodonium chloride (10 μM) for 10 min, and was significantly reduced by preincubation with liraglutide for 48 h, in a dose-dependent manner (10 nmol/L-1 μmol/L) (Fig. 6A ). This inhibitory effect of liraglutide was reversed by simultaneous incubation with the protein kinase A (PKA) inhibitor H89 and the adenylate cyclase inhibitor SQ22536 (Fig. 6B ). It was not reversed with Epac2 inhibition by its siRNA (Fig. 6C) . These NADPH activities were inversely proportional to intracellular cAMP concentrations (Fig. 6D ). NAD(P)H oxidase expression levels (NOX4 and p22phox) in NHMCs were significantly enhanced under high glucose conditions (25 mmol/L) for 5 days compared to normal glucose conditions (5.5 mmol/L), as we previously reported [8] .
Liraglutide (1 μmol/L) significantly inhibited the enhancement of NAD(P)H oxidase expression levels to the control levels. This effect of liraglutide was also reversed by SQ22536 (Fig. 6E, F) . Effect of liraglutide on intracellular production of superoxide was also evaluated in cultured NHMCs using DHE staining. Intracellular production of superoxide was significantly enhanced under high glucose conditions (Fig. 7C, H, M) compared to normal glucose conditions (Fig. 7A, F, K) , and liraglutide treatment (1 μmol/L) significantly inhibited the superoxide production ( Fig. 7D, I, N) . This inhibitory effect of liraglutide was reversed by incubation with the adenylate cyclase inhibitor SQ22536 (Fig. 7E , J, O).
Discussion
A previous study showed that long-term treatment with GLP-1 analog, exendin-4, ameliorated diabetic nephropathy in db/db mice with type 2 diabetes mellitus [30] . However, the underlying mechanism was not fully understood, because exendin-4 treatment ameliorated various metabolic abnormalities in db/db mice, including body weights, adipose tissue weights, circulating free fatty acid and triglyceride concentrations, and improved insulin sensitivity [30] . Therefore, in the present study, we used rats with STZ-induced diabetes. In these type 1 diabetes mellitus models, liraglutide treatment did not significantly affect plasma glucose levels or body weights. It significantly affected systolic blood pressure in diabetic mice, but this effect was very small. The present study showed that liraglutide still normalized urinary albuminuria and expression of renal transforming growth factor-β and fibronectin in diabetic rats in parallel with normalization of oxidative stress markers and expression of renal NAD(P)H oxidase components (Nox4, gp91phox, p22phox, p47phox), independently of a glucose-lowering effect. In the present study, to confirm the direct effect of liraglutide on renal NAD(P) H oxidase, we showed that liraglutide inhibited NADPHdependent superoxide production from cultured renal mesangial cells. It is well established that the main effects of GLP-1 are mediated through the activation of adenylate cyclase and the production of cAMP [20, 21] . Mesangial cell expressed GLP-1 receptors and the inhibitory effect of liraglutide on NAD(P)H oxidase was reversed by the adenylate cyclase inhibitor SQ22536 and the PKA inhibitor H89. It was not reversed by Epac2 inhibition, another downstream pathway of increased cAMP levels. These results suggested that the effect of liraglutide on NAD(P)H oxidase was mediated by the cAMP-PKA pathway. This finding is consistent with previous reports showing that NAD(P)H oxidase activity is regulated by the cAMP-PKA pathway in phagocytes [22, 23] . We and other investigators have previously shown that high glucose levels and increased local angiotensin II (Ang II) levels stimulate reactive oxygen species (ROS) production in vascular and renal tissues in the presence of diabetes via protein kinase C (PKC)dependent activation of NAD(P)H oxidase [9, 31, 32] . PKC activation activates small G protein Rac 1 and phosphorylates p47phox, by which mechanisms NAD(P)H oxidase is considered to be activated in diabetic vascular and renal tissues [32, 33] . Since PKA activation has been reported to downregulate phosphorylation of p47phox or inhibit activation of another small G protein, Rap1A, which acts as the final activation switch of NAD(P)H oxidase by its interaction with cytochrome b558 [22, 23] , liraglutide may inhibit NAD(P)H oxidase activity in diabetic renal tissues via such molecular mechanisms. The detailed molecular mechanisms should be evaluated in further studies. ROS production from NAD(P)H oxidase is regulated by induction of the individual subunits, as well as its activation in vascular cells and other nonphagocytic cells [34] . Of particular note, ROS production derived from NOX4 that is the main component of NAD(P)H oxidase in kidneys [35] is regulated by its expression levels rather than its activation [34] . We previously showed that increased expression of NOX4 may play an important role in the increased production of ROS in diabetic renal tissues [8] . Gorin et al reported that downregulation of NOX4 induced by antisense oligonucleotides attenuated oxidative stress, renal hypertrophy, and increased renal expression of fibronectin in rats with STZ-induced diabetes [36] . In addition, a NAD(P)H oxidase inhibitor was also reported to inhibit oxidative stress and prevent renal damage in diabetic animal models [37] . Among various sources for ROS production, NAD(P)H oxidase NOX4 may be a therapeutic target for diabetic nephropathy. In the present study, we showed that liraglutide normalized the increased expression of NOX4 as well as other components, gp91phox, p22phox, and p47phox in diabetic renal tissues. However, the detailed regulatory mechanisms for the expression of NAD(P)H oxidase components including NOX4 are generally not fully understood. Recent report has shown that transcription factor Ets-1 is a critical mediator of ROS production by Ang II by regulating the expression of NAD(P)H oxidase components such as p47phox [38] . Since Ets-1 is known as a downstream transcriptional effector of ROS in several different cell types [39] , this finding implicates that rapid activation of NAD(P)H oxidase causes the expression of Ets-1 by redox sensitive mechanism, which in turn induces the expression of NAD(P)H oxidase components such as p47phox for the booster effect of ROS generation. In diabetic renal tissues, rapid activation of NAD(P)H oxidase by high glucose levels and/or increased Ang II levels might induce NOX4 overexpression for the similar booster effect. Thus, a possible mechanism is that liraglutide-induced inhibition of NAD(P)H oxidase activity (e.g., gp91phox) may inhibit such a vicious cycle and thus normalize the expression of NAD(P)H oxidases. This hypothesis was consistent with our finding that exposure of the cells with high glucose levels (25 mmol/L) for 5 days, but not for shorter period, significantly induced an increase in NOX expression and this increase was also significantly inhibited by liraglutide.
Very recently, Kodera et al reported that another GLP-1 analog, exendin-4, ameliorated renal injury through its anti-inflammatory action in STZ-diabetic rats [40] . They showed that exendin-4 directly attenuated release of pro-inflammatory cytokines from macrophages and ICAM-1 production on glomerular endothelial cells. Macrophages and endothelial cells have several isoforms of NAD(P)H oxidases. The ICAM-1 expression in endothelial cells and activation of macrophages are in part regulated by oxidative stress-induced signals such as the C-Jun NH(2)-terminal kinase (JNK) pathway and NFκB pathway [41, 42] . Therefore, it is possible that such anti-inflammatory effects of exendin-4 also may be in part mediated by its inhibitory effect of NAD(P) H oxidases. At least, both effects may be closely linked by the common molecular mechanism. Further studies are needed to clarify the relationship between both effects and the detailed Fig. 6 -Liraglutide decreased NAD(P)H oxidase activity via the cAMP-protein kinase A (PKA) pathway in normal human mesangial cells (NHMCs). All results are means ± SEM. Only significant P values are indicated. A, NADPH oxidase activity was decreased by liraglutide in a dose-dependent manner. NHMCs were preincubated with or without liraglutide (at doses of 10 − 8 -10 − 6 mol/L) for 48 h. Diphenylene iodonium (DPI) (10 μM) was preincubated with NHMCs for 10 min to demonstrate the experimental specificity for NADPH oxidase activity. Lucigenin-enhanced chemiluminescence assay followed. Chemiluminescence levels were reported in relative luminescence units (RLU) adjusted by the total protein concentration. # P < 0.05 vs control, † P < 0.01 vs DPI, *P < 0.05, and **P < 0.01 (ANOVA; n = 3 each). B, After preincubation with 10 −6 mol/L liraglutide, NHMCs were incubated with PKA inhibitor H89 (at doses of 1 and 10 nmol/L) and the adenylate cyclase inhibitor SQ22536 (at doses of 40 and 400 μmol/L) for 2 h. NADPH oxidase activity is shown as a percentage relative to the control, which was not stimulated by NADPH. # P < 0.05 vs control; *P < 0.05 and **P < 0.01, ANOVA (n = 3 each). C, Epac2 siRNA or a negative universal control was induced in NHMCs with or without 10 − 6 mol/L liraglutide preincubation. Lucigenin-enhanced chemiluminescence assay was performed 24 h after induction of siRNA. Chemiluminescence levels are indicated as relative luminescence units adjusted according to the total protein concentration. † P < 0.01 vs controls; *P < 0.01 (ANOVA; n = 3 each). D, Intracellular cAMP concentration was inversely correlated with NAD(P)H oxidase activity in NHMCs. The NHMCs were preincubated with or without liraglutide (at doses of 10 − 8 -10 − 6 mol/L) for 48 h. After preincubation with 10 − 6 mol/L liraglutide, the NHMCs were incubated with PKA inhibitor H89 (10 nmol/L) and the adenylate cyclase inhibitor SQ22536 (400 μmol/L) for 2 h. Liraglutide increased the intracellular cAMP concentration in a dose-dependent manner. Inhibition of adenylate cyclase completely reversed the liraglutide-induced elevation of cAMP levels. *P < 0.05 and **P < 0.01 vs control (ANOVA; n = 6 each). Expression levels of NOX4 (E) and p22phox (F) mRNA under the normal or high glucose conditions. NHMCs were exposed to the medium containing 5 or 25 mmol/L glucose. White bar = normal glucose (5 mmol/L). Black bar = high glucose (25 mmol/L). Liraglutide (1 μmol/L) and SQ22536 (400 μmol/L) were added 48-h before cell lysis. Data are means ± SEM. # P < 0.05 vs control; *P < 0.05 and **P < 0.01 (ANOVA; n = 6 each). molecular mechanisms. On the other hand, GLP-1 has been reported to enhance sodium excretion and reduce glomerular hyperfiltration in obese men [43] . These hemodynamic effects might be involved in the beneficial effect of liraglutide on diabetic nephropathy. Further studies are also needed to clarify the role of hemodynamic effects.
In conclusion, liraglutide may have a direct beneficial effect on oxidative stress and diabetic nephropathy, at least in part, via a PKA-mediated inhibition of renal NAD(P)H oxidase, independently of a glucose-lowering effect. Its clinical efficacy should be tested in human trial.
